Abstract. We report the development of photoacoustic flowmetry assisted by high-intensity focused ultrasound (HIFU). This novel method employs HIFU to generate a heating impulse in the flow medium, followed by photoacoustic monitoring of the thermal decay process. Photoacoustic flowmetry in a continuous medium remains a challenge in the optical diffusive regime. Here, both the HIFU heating and photoacoustic detection can focus at depths beyond the optical diffusion limit (∼1 mm in soft tissue). This method can be applied to a continuous medium, i.e., a medium without discrete scatterers or absorbers resolvable by photoacoustic imaging. Flow speeds up to 41 mm · s −1 have been experimentally measured in a blood phantom covered by 1.5-mm-thick tissue.
Introduction
Photoacoustic imaging has many unique attributes, making it well suited for broad biomedical applications. Recently, photoacoustic sensing and imaging of blood flow have attracted growing interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Compared with other flow measurement techniques, such as laser 11 or ultrasound 12 Doppler flowmetry, the photoacoustic approach has the following two advantages. First, photoacoustic flowmetry is 100% sensitive to optical absorption, 13 rather than scattering, which potentially provides a high contrast-to-noise ratio for sensing blood in the visible and near-infrared spectral region. Second, photoacoustic flowmetry can be readily integrated with anatomical, functional, and metabolic photoacoustic imaging modes, providing naturally coregistered imaging of vasculature, [14] [15] [16] hemoglobin concentration, 17 oxygen saturation, [18] [19] [20] [21] [22] and blood flow, 21, 22 as well as sensing of oxygen metabolic rate. 23, 24 Since optical-resolution photoacoustic microscopy (OR-PAM) has high spatial resolution to resolve single red blood cells (RBCs), the photoacoustic signal fluctuations induced by the RBCs flowing can be clearly sensed by OR-PAM. OR-PAM-based flowmetry has successfully demonstrated in vivo blood flow measurement in the ballistic and quasi-ballistic regimes. 4, 23 However, none of these methods have succeeded in quasi-diffusive and diffusive regimes, where photoacoustic imaging modalities provide acoustic spatial resolutions. Although ultrasound speckles can be used to measure blood flow, photoacoustic speckles are weak in images of whole blood. 25, 26 Thus, photoacoustic speckles have not been used to measure blood flow. Therefore, label-free photoacoustic flow sensing in deep tissue remains a challenge.
Recently, Sheinfeld and Eyal demonstrated a photoacoustic flow sensing method based on thermal clearance. 9, 27 In this method, modulated photothermal heating was used to induce temperature variation in the flow medium. Because flow accelerated thermal transfer, the flow speed was measured from the temperature-dependent photoacoustic signals. An advantage of this method is that, unlike Doppler flowmetry, the thermal clearance method does not require heterogeneity of the flow medium. However, because photothermal heating cannot be confined in deep tissue, it is difficult for this method to achieve high-resolution flow measurement at depths in the optical diffusive regime.
Here we present a new flow measurement method based on high-intensity focused ultrasound (HIFU) heating and pulsed photoacoustic imaging of thermal decay. An HIFU transducer applies a heating impulse to a volume of the flow medium. Temperature-dependent photoacoustic signals from the heated volume are measured by an acoustic-resolution photoacoustic microscope (AR-PAM) with a 2-kHz laser repetition rate. The flow speed is determined from the temporal profile of the photoacoustic signal. The combination of HIFU heating and pulsed photoacoustic detection provides several advantages to flow measurement. First, both the heating and the detection maintain tight acoustic focusing in deep flow sensing. Second, the photoacoustic signal is generated from optical absorption and thus has a clean background in blood flow measurement. Third, the photoacoustic effect is inherently sensitive to temperature. Fourth, this method does not rely on discrete scatterers or absorbers and can be potentially applied to homogeneous flow media. Fifth, the HIFU heating and photoacoustic detection can be potentially performed by a single piezoelectric transducer, producing naturally confocal acoustic heating and detection. Last, the pulsed mode of photoacoustic imaging provides axial resolution.
Method
The ultrasound-heated photoacoustic flow measurement starts with a focused HIFU heating impulse in a small volume of the flowing medium and then uses an AR-PAM 28 to monitor the decay of the temperature-dependent photoacoustic signal. Here, we first describe the temperature decay process using a simplified heat transfer model; then we introduce the timedomain photoacoustic temperature sensing method.
Heat Transfer Model
With an HIFU heating impulse in a volume of mass, the local temperature increases from its baseline (the temperature before heating) by Tðr; t 0 Þ, wherer is the spatial coordinates, and t 0 is the time point when HIFU stops heating.
With the initial condition of Tðr; tÞ ¼ Tðr; t 0 Þ, the thermal decay process can be described by the following equation: 9, 29 ∂Tðr; tÞ ∂t ¼ ∇ · ½α th ðrÞ∇Tðr; tÞ − vðrÞ · ∇Tðr; tÞ;
where time t > t 0 ; α th is the thermal diffusivity; and v is the flow speed. The left hand side of Eq. (1) is the temporal variation of the temperature. The first term on the righthand side of Eq. (1) represents heat decay due to thermal conduction, and the second term describes heat convection due to flow. For simplicity, we neglect other heating effects that are not induced by HIFU, e.g., metabolic heating or environmental temperature change. Although the heating effect from photoacoustic laser excitation may be significant, it can be controlled via two approaches. One is to decrease excitation laser power. The other is to keep photoacoustic detection on for a long enough time period so that the flow medium reaches an equilibrium state before the flow measurements. As in Ref. 9 , we simplify Eq. (1) using a lumped model. 
Here, we assume Tðr; tÞ∕T 0 ðtÞ is independent of time, which means a time-invariant relative temperature distribution within the measured volume. Then, the term in f·g in Eq. (3) becomes a constant. Thus, the solution of Eq. (3) gives
Tðr; tÞ T 0 ðtÞ dV;
The decay constant λ consists of two parts: λ α is related to thermal diffusivity, and λ v is associated with flow speed. If the thermal diffusivity and flow speed are assumed to be uniform within the measured volume, λ α becomes proportional to the diffusivity and λ v becomes proportional to the flow speed.
The assumptions of time-invariant relative temperature distribution and uniform flow speed can be experimentally validated by fitting the temperature decay to an elevated exponential curve (i.e., a baseline plus an exponential function). Nevertheless, these assumptions are more accurate for smaller measurement volumes.
Photoacoustic Temperature Sensing
Photoacoustic imaging has demonstrated high sensitivities and great imaging depths in temperature measurement. 31, 32 Here we use an AR-PAM to monitor the temperature decay curve following the HIFU heating.
When the laser excitation is in both thermal and stress confinements, the initial photoacoustic amplitude is governed by 33 Pðr; t s Þ ¼ kðrÞΓðr; t s Þη th ðrÞμ a ðrÞFðrÞ;
where P is the detected photoacoustic amplitude, k is a constant factor related to the system detection efficiency; Γ is the Grueneisen parameter; η th is the percentage of absorbed light energy that is converted to heat; μ a is the optical absorption coefficient, and F is the local optical fluence. We assume all parameters on the righthand side of Eq. (7), except Γ, are time invariant. The slow time t s here denotes the time of each photoacoustic measurement instead of the acoustic time of arrival (i.e., the fast time). The Grueneisen parameter is temperature dependent and can be approximated with an empirical formula.
Γðr; tÞ ¼ aðrÞ þ bðrÞTðr; tÞ; 
Here, we employ another weight function w 2 ðrÞ to integrate the photoacoustic signal over the measured volume, so that the integrated signal equals to the AR-PAM measurement P 0 , which is expressed as 
Since we have assumed Tðr; tÞ∕T 0 ðtÞ is time independent, the coefficient of T 0 ðtÞ on the right hand side of Eq. (11) is a constant. Substituting Eq. (4) into Eq. (11), we have
where c 1 and c 2 are constants. Therefore, fitting the temporal profile of the photoacoustic amplitude to Eq. (12) gives a decay constant that is linearly related to the flow speed if the thermal diffusivity is constant.
Experimental Setup
We measured lysed bovine blood (Quad Five, Ryegate, Montana) flowing in a silicone tube (0.5 mm inner diameter; Dow Corning, Midland, Michigan). As shown in Fig. 1 , a syringe pump (BSP-99M; Braintree Scientific, Braintree, Massachusetts) was used to set different flow speeds in the tube. The tube was sandwiched by two pieces of 1.5-mm-thick chicken breast tissue. In each measurement, an HIFU transducer heated up a small volume of blood for 300 ms; then an AR-PAM started to acquire the temperature-dependent photoacoustic signals. The HIFU transducer (Ferroperm Piezoceramic Inc.) was placed in water and focused on a small volume of blood in the tube. The transducer operated at a frequency f of 7.44 MHz. The acoustic numerical aperture NA was 0.81. At room temperature (20°C), the HIFU heating area is estimated using an airy disk with a diameter of 300 μm [1.22v s ∕ðNA · fÞ; v s , sound speed in water, 1484 m · s −1 ]. The input power of the HIFU transducer was 10 W. If the power conversion efficiency is 100%, the HIFU intensity at the focus was 1.4 × 10 4 W · cm −2 . Given a typical soft-tissue diffusivity of 1.3 × 10 −3 cm 2 · s −1 , the characteristic dimension of the heated region was estimated to be 197 μm.
The AR-PAM probe 28 was deployed on the opposite side and focused coaxially and confocally with the HIFU transducer. A detailed description of the AR-PAM system can be found in Ref. 28 . Here we briefly introduce several key parameters of the AR-PAM. A 523-nm pulsed laser (INNOSLAB; EdgeWave GmbH, Wurselen, Germany) was used to excite the blood and generate ultrasound waves. The laser had a typical pulse width of 5 ns and operated at 2-kHz pulse repetition rate. The laser energy delivered on the tissue surface was 60 μJ per pulse. The optical fluence on the tissue surface was ∼0.48 mJ · cm −2 , which was within the ANSI safety limit. 
Results and Discussion
In order to validate Eq. (12), we measured thermal decay under blood flow speeds varied from 0 to 41 mm · s −1 . After each HIFU heating impulse, photoacoustic signals were acquired for 1 s. Upon each laser pulse, a time-resolved photoacoustic signal was recorded as an A-line. The peak-to-peak amplitude of each A-line was computed to quantify the thermal decay processes. To reduce noise, the peak-to-peak amplitudes of every five Alines were averaged as one data point. Figure 2 shows several representative thermal decay curves at different flow speeds. Each curve in Fig. 2 was normalized to its maximum value and averaged over 10 measurements. Elevated-exponential fitting gives an average coefficient of determination (R 2 ) of 0.996 with a standard deviation of 0.004 (n ¼ 16 curves). This result shows that Eq. (12) is an accurate model to describe the thermal decay process. Note that the 300-ms ultrasound heating is not an ideal impulse. However, even at a flow speed of 41 mm · s −1 , the experimental results in Fig. 2 agree well with the heat transfer model, which shows that the model is robust to the heating impulse time. If experimental data start to deviate from the model at higher flow speeds, a shorter heating pulse with higher power should be used.
The decay constant at each flow speed was obtained from the elevated-exponential fitting. With the assumption of uniform flow within the measured volume, the decay constant is linearly related to the flow speed. Figure 3 plots a fitted linear regression model of Fig. 1 Schematic of the experimental setup of ultrasound-heated photoacoustic flow measurement. Amp, amplifier. Fig. 2 Representative thermal decay curves acquired with different blood flow speeds. 
where A and B are system-dependent constants, and B is also related to thermal diffusivity. If the system and the thermal diffusivity do not change with time, the linear model can be used to convert measured decay constants to flow speeds. The parameter A is determined by the sizes of both the ultrasound heating spot and the photoacoustic detection voxel. Since the speed of sound remains relatively constant among soft tissues, 35 the acoustic voxel size should not change significantly in different types of soft tissues. For in vivo flow measurements, the parameter A can be calibrated for with a tissue-mimicking phantom at each depth of interest. The parameter B may be either measured by temporarily stopping the blood flow when cuffing is applicable or estimated by ex vivo calibration.
Another flow measurement was carried out with the same setup (Fig. 4) . Using the linear regression model obtained from results shown in Fig. 3 , we computed the flow speed from the fitted decay constant. A linear relationship clearly exists between the measured flow speed (v meas ) and the set flow speed (v set ). The flow measurement accuracy was quantified by the root-mean-square deviation of 2.97 mm · s −1 . This accuracy can be further improved by increasing either the single measurement signal-to-noise ratio or averaging.
Note that the flow speed is measured from the thermal decay constant, which is related to the motion of all substances in the flow medium. For example, for whole blood, the measured flow speed is an average value from blood cells, plasma, and others. By contrast, optical or ultrasound Doppler flowmetry can only sense the flow speed of scatterers, e.g., blood cells.
Temperature rise due to HIFU heating was estimated from the photoacoustic signal increase. The peak temperature rise was 3.7°C at 41 mm · s −1 flow speed, and 7.6°C at zero flow speed. 31, 36, 37 These temperature increases were almost an order of magnitude lower than that in HIFU therapy. 38 In addition, after the HIFU heating impulse, the temperature rapidly recovered to its baseline. Therefore, the HIFU heating should be safe for in vivo measurements. If an even lower temperature rise is desired, the power of single HIFU heating can be further reduced, and more averages can be used to improve flow measurement accuracy. Another possibility is to employ modulated continuous HIFU heating, rather than heating impulse, which can further decrease the peak temperature.
To demonstrate the methodology, we employed the HIFU transducer and the AR-PAM in transmission mode. For in vivo flow sensing, it is preferred to implement HIFU heating and photoacoustic detection in reflection mode, which will be our future work.
The current system does not measure flow directions, which can be potentially addressed by slightly modifying the current method. For example, the heating beam can be fixed at one spot, and the photoacoustic detection beam can be placed either upstream or downstream with respect to the heating spot, so that the flow direction can be computed from the relationship between the two measurements.
Light at the wavelength of 523 nm is highly absorptive and has a limited penetration depth in blood. The measured flow speed is an average value within the optical penetration depth. Ideally, longer wavelengths around 700 nm can be used to provide deeper penetration into both scattering tissues and blood vessels for in vivo measurements. Nevertheless, the method remains the same.
Conclusion
To summarize, we present a new ultrasound-heated photoacoustic flow measurement method. An HIFU transducer provides localized heating impulse. AR-PAM detects the flow-related thermal decay constant. A theoretical relationship between the photoacoustic amplitude and flow speed is derived. Blood flow speeds up to 41 mm · s −1 were experimentally measured in a silicone tube covered by 1.5-mm-thick tissue. Experimental results agree well with the theoretical model and demonstrate the feasibility of deep flow sensing. Unlike ultrasound Doppler flowmetry, this method does not rely on signals from discrete scatterers or absorbers and, therefore, can be applied to homogeneous continuous media.
